Computer-aided three-dimensional (3-D) volumetry of human pulmonary acini was undertaken using the left upper lobe of a 51-year-old female operated for small lung cancer. A normal part of this lobe, fixed by intrabronchial infusion with a mixture of polyethylene glycol and formalin, was subjected to serial sectioning, using a special slicer, into 48 serial slices of 0.5 mm in thickness. A soft x-ray radiograph was prepared from each slice at x 12, and the contours of airways and acinar boundaries contained in it were inputted by digitization into a microcomputer for 3-D reconstruction and volumetry. The estimated volumes of 130 acini were unexpectedly uniform, showing a normal type distribution with a mean of 172.7+37.9 mm3. No significant correlation proved to exist between the volume of acini and the number of branching generation of the terminal bronchioles (TBs) they received. Furthermore, there was no significant difference in volume among the acini facing the costal surface, those facing the mediastinal surface and those not facing any pleural surface. However, the generation number of TBs was shown to differ significantly with the location of acini. These results suggest that the tree of conductive airways is designed so as to meet the requirement of constant acinar volume. pulmonary acinus ; three-dimensional reconstruction ; volumetry ; airway branching
The pulmonary acinus, defined by Fletcher et al. (1959) as the portion of lung distal to the terminal bronchiole (TB), is a basic unit of pulmonary structure and function. There have been many studies dealing with the structure of acinus and its relation to airways (Pump 1964, ; Boyden 1971; Gamsu et a1.1971; Lui et al. 1973; Hansen and Ampaya 1975; Schreider and Raabe 1981; Mercer and Crapo 1987; Rodriguez et al. 1987 ; Haefeli-Bleuer and Weibel 1988) . However, three-dimensional (3-D) morphometry was attempted only in a small number of these studies, leaving such questions still unsettled as how many acini the right or the left lung contains, or how large the mean volume of acini is. This may explain the present status of lung morphology where little is known about the principle on which the lung is integrated from unitary structures. The retardation in the study of lung in this aspect is partially attributable to technical difficulties ; one cannot rely on stereology in obtaining quantitative information on 3-D structures of lung, a situation in which we are required to resort to 3-D measurement somehow.
The methods employed in previous studies for volumetry of acini were various : stereology on simplified geometric models of acini (Pump 1969; Hansen and Ampaya 1975) , measurement of wax model reconstructed from serial microscopic sections (Boyden 1971) , and weighing of silicone rubber casts divided into individual acini (Rodriguez et al. 1987 ; Haefeli-Bleuer and Weibel 1988) . Each of these has its own advantages, but at the same time technical difficulties or assumptions. In addition, the spatial relation between the conductive and respiratory parts of the lung was difficult to study and was left untouched.
In this paper, we describe our recent attempt at measuring the volume of a number of acini in a lobe of human lung. The lobe was sectioned into a set of sequential slices which were submitted to computer-aided 3-D reconstruction and measurement based on Cavalieri principle. This was followed by a correlation analysis between the volume of acini and the branching order of TBs they received. We also analyzed how the volume varies with the position of acinus in a lung lobe. Based on the results obtained, discussion will be extended on the principles dominating the relation between the conductive and respiratory parts of the lung.
MATERIALS AND METHODS

Preparation of serial slices
A left upper lobe was obtained from a female aged 51, in whom lobectomy was performed for small adenocarcinoma, 1.6 cm in diameter, of the apicoposterior segment. She was a non-smoker, 151 cm in height and 50.5 kg in weight. Besides the cancer, there were morphologically no abnormalities in both airways and alveolar areas.
The resected lobe was fixed by the method originally described by Markarian and Dailey (1984) which we slightly modified. Two catheters were inserted, one into the lingular bronchus and the other into the common trunk of the apico-posterior and the anterior bronchi. Fixative fluid, consisting of polyethylene glycol #400, 95% ethanol, 40% formalin, and plain water at a volume ratio of 10: 5 : 2 : 3, was infused through the catheters at a constant pressure of 25 cmH2O. After two days, the fixed lobe was horizontally cut into six blocks, each about 30 mm thick. One of these blocks, sufficiently apart from the carcinoma, was further cut into halves by a frontal sectioning. Then, the anterior half that roughly corresponds to the lower part of the anterior segment (Fig. 1, arrowhead) was serially sliced at a thickness of 0.5 mm with a special slicer (Micro-slicer DTK-1000 W ; Dosaka EM, Kyoto). Thus, a sequential set of 48 thin slices was obtained (Fig. 2) . These, we call "thin serial slices," were used for the volumetry of acini contained in these slices and the identification of TBs to which the acini belonged. The remaining part of the resected lobe was subjected to another slicing into 50 serial slices at a thickness of 2 mm. This set, the "thick serial slices," was used to determine the generation number of TBs by establishing the branching pattern of the whole airway tree. Determination of the generation number for TBs
All the "thin" and "thick" slices were submitted to radiography. Each slice was placed on a fine-grain film (Fuji Softex film, Tokyo) and was radiographed at 10 kVp, 900 mAs, at a tube-film distance of 40 cm, using a soft x-ray apparatus (Softex CSM-2 ; Softex, Tokyo), according to a method described by Murata et al. (1986) . As an example, a pair of a thin slice and its radiograph are shown in Fig. 3 . The radiographs were all enlarged at x 12. The entire airway tree from the left upper bronchus down to TBs was reproduced into a diagram by serially following the enlarged pictures. Thus, the TBs contained in the "thin slices" were all subjected to the determination of generation number according to the rule of Weibel (1963) who introduced a hierarchy defining the principal bronchus as the first generation.
More than 95% of TBs were identified as such conforming to Husten (1921) who defined the TB as a bronchiole which divides into a pair of first respiratory bronchioles (RBs). Discrimination of an RB from a TB was based on the presence, at the wall of the former, of alveolar openings which were sufficiently discernible with the aid of a stereo microscope (Fig. 4) . When a bronchiole was located vertical to the plane of slice, the discrimination was done by cutting the bronchiolar wall open and confirming alveolar openings. There were a few branchings where a membranous bronchiole (a non-RB) was shown to divide into an RB and a non-RB. The presence of such an "asymmetric" branching was reported by Pump (1964 Pump ( , 1969 , and in this case, one can define a TB in various ways. In the present study, we relied on the report of Reid and Simon (1957) that approximately, TBs arose in their mother segment at an interval of 2 mm. Conforming to this, we defined a TB in an asymmetric branching as follows : When, of a pair of subbranches, one is an RB and the other is a non-RB, and when the latter is shorter than 2 mm, the mother should be Fig. 4 . Discrimination between a TB and a RB in a slice with a stereo microscope.
With an opening of an alveolus (straight arrow) the bronchiole is identified as an RB, while its mother branch (curved arrow), having no opening of alveolus, is identified as a TB. Bar represents 0.5 mm. Instead, when the daughter non-RB is longer than 2 mm, the mother should be a pre-TB having a single branch of RB.
Computer-aided 3-D reconstruction and measurement
The volumes of individual acini were obtained with the aid of a computer into which the boundaries of acini were serially inputted by digitization of the "thin" slices.
In each slice, we prepared a drawing of acini and airways by placing a sheet of semitransparent paper on the radiograph, on which all the airway contours and acinar boundaries were traced (Fig. 5) . Where an interlobular septum was present, the boundary of two adjacent acini could easily be determined. At a place where no septum was present, the boundary was defined as an imaginary pathway that follows a continuous sequence of alveolar walls separating neighboring alveolar ducts (Fig. 6) . The drawings were placed on a digitizer one after another in series, and the airway contours and the acinar boundaries were inputted into a microcomputer (PC-9801; NEC, Tokyo) by tracing with a cursor. Three-D images of airways were then integrated in a computer display as in Fig. 7 , with the aid of a software for 3-D reconstruction (OZ; Rise Ltd., Sendai). This software was designed so as to calculate simultaneously the volume of individual acini on Cavalieri principle.
RESULTS
In the space covered by the "thin" serial slices, there were altogether 171 TBs : Of these, 130 had their acini wholly contained in the space. The anatomical definition of TB stated above appeared justifiable, since there was not a single shown in Table 1 . The number of branching generations of the TBs ranged from 11 to 20, with a mean of 15.4+ 1.8. The generation numbers obtained were subjected to correlation analysis with the volume of acini supplied by the TBs. As shown in Fig. 9 , there was no significant correlation, with a coefficient of -0.24.
In the next place, we analyzed whether there was any relation between the location of acinus in the lung and its volume. Here the acini were classified into three groups : Group A comprising 43 acini facing the costal surface, Group B 23 acini facing the mediastinal surface, and Group C 61 acini that were deeply seated and had no pleural surface. Three acini were excluded from this analysis because they faced both the costal and mediastinal surfaces. For each group, the mean and SD of the acinar volumes and the generation numbers of the corresponding TBs are shown in Table 2 . In the generation number of TB, there was a significant difference between Group A and any of the other groups (p <0.01): the Fig. 9 . Correlation between the number of generation of TBs and the acinar volume. The correlation coefficient is -0.24, which is not significant. 
DISCUSSION
Previous studies dealing with the 3-D structure of the bronchoalveolar system were mostly based on either the analysis of corrosion casts (Pump 1964 (Pump , 1969 Schreider and Raabe 1981; Rodriguez et al. 1987 ; Haefeli-Bleuer and Weibel 1988) or reconstruction from serial histological sections (Boyden 1971; Hansen and Ampaya 1975 ; Mercer and Crapo 1987) . However, each of these has its own technical problems. In the former, it is impossible to relate the structure of airways with that of the alveolar areas. The latter, the reconstruction technique, allows one to reproduce only a limited volume of tissue. The method we introduced in the present report makes us to overcome these difficulties. Serial radiographic images of lung sliced at a thickness as thin as 0.5 mm offer information about the internal structure of lung sufficient to make one pinpoint the entire TBs contained in the slices. Alveolar walls are directly visible with a stereo microscope. It is shown in Fig. 2 that the shape of the whole block before slicing was fully reproduced by stacking the slices in the order of sectioning. The software for computer-aided reconstruction was designed so as to perform Cavalieri-based 3-D volumetry at the same time, which was quite useful in calculating the volume of individual acini.
The boundary between two adjacent acini was defined by septa, if there was one. At the places where interlobular or interacinar septa were lacking, as was often the case, we assumed a boundary extending along a continuous sequence of alveolar walls between two neighboring alveolar ducts. This was done by following the connecting relation of all alveolar ducts and the accompanying arteries, using a stereo microscope and tracing on serial radiographs. When the boundary was parallel to the slice direction, we were required to assume the presence of a boundary which in reality was invisible. However, such an occasions was rare.
There were several acini whose TB divided into an RB and a non-RB, the latter of which further divided into two RBs. As shown in Table 1 , these "asymmetric" acini were large , having a volume about one and a half of the mean.
In such acini, the part supplied by the RB had a volume of about half of the mean. Husten (1921) and Rodriguez et al. (1987) defined the acinus as an airspace supplied by the first RB. However, it was shown by our volumetry that no matter what definition of acinus one is based on, the airspace supplied by the first RB is always about a half that supplied by a TB.
In the present study, we used, instead of the conventional infusion fixation, a fixative containing polyethylene glycol, a material often used in the radiologic studies of lung (Markarian and Daily 1984; Murata et al. 1986) . We have no basic data about the shrinkage of lung tissue that could occur more or less during the processing. However, the mean acinar volume that was calculated at 172.7 mm3 is in sufficient accordance with Hansen and Ampaya (1975) who gave an estimated mean of 182.8 mm3. Gamsu et al. (1971) reported in their roentgenographic study using post-mortem human lungs infusion-fixed at a pressure of 30 mmH2O that the mean diameter of acinus was 7.4 mm. The mean volume of 172.7 mm3 obtained in the present study corresponds to a sphere of 6.9 mm in diameter, a result not very far from theirs.
Besides, there are discrepancies among the small number of reports on the volume of human acinus. Using latex casts, Pump (1969) calculated the volumes of four acini, reporting that they were varying, ranging from 1.33 to 30.9 mm3. Boyden (1971) measured a single acinus from serial histological sections in the lung of a child aged six, and gave a volume of 15.6 mm3. These estimates appear much too small, leaving doubt on whether they studied adequately expanded lungs. Haefeli-Bleuer and Weibel (1988) , in a measurement of 209 acini from the right upper lobes of two human lungs, gave a mean volume of 187 mm3. This value, seemingly similar to ours, was in reality obtained based on another definition of acinus, the area belonging to a first RB and not a TB. One can say therefore that they gave a volume about twice larger than our estimation. This seems attributable to the difference in the technique employed ; they obtained acinar volumes by weighing airway casts separated into individual acini, based on the assumption that the injected silicone rubber kept a uniform density all over the lung lobe. The lung is so liable to fluctuation of volume in the course of fixation, injection or embedding as to make it difficult to compare among the results of volumetry by various method.
Nevertheless, the serial slicing we introduced is at least of an advantage : it allows us to relate the structure of acini to that of the supplying airways. Though the specimen available in this study was only a part of a single lobe, its analysis made us draw a significant conclusion. The volume of acinus is independent of the zone they are located in, whether subcostal (Group A), submediastinal (Group B) or midlobar (Group C). Also the volume has nothing to do with the branching generations of the TBs supplying the acini. On the other hand, there is a close relation between the location of acini and the generation number of the supplying TBs. This relation seems to be explainable in anatomical terms by assuming that in the outer zone of the lung as in Group A, the TBs are more distant from the central airways than in the inner zones as Groups B and C. It appears reasonable to conclude that the human lung is designed so that the individual acini that are the basic respiratory units may have a constant volume. The airway tree is designed so as to meet this basic requirement. 
